Pavlov I, Novinger R, Rassier DE. The mechanical behavior of individual sarcomeres of myofibrils isolated from rabbit psoas muscle. Am J Physiol Cell Physiol 297: C1211-C1219, 2009. First published August 26, 2009; doi:10.1152/ajpcell.00233.2009.-The goal of this study was to develop a system to experiment with sarcomeres mechanically isolated from skeletal muscles. Single myofibrils from rabbit psoas were transferred into a temperature-controlled (22°C or 15°C) experimental chamber, and sarcomeres were isolated using precalibrated glass microneedles that were pierced externally, adjacent to the Z-lines. The force produced during activation was measured by tracking the displacement of the microneedles, and the sarcomere and half-sarcomere changes were measured by continuously tracking the Z-lines and A-bands position during the experiments. Sarcomeres produced a stress (force/cross-sectional area) of 112.75 Ϯ 4.96 nN/m 2 (15°C) and 128.47 Ϯ 5.58 nN/m 2 (22°C) at lengths between 2.0 m and 2.4 m. The descending limb was fitted with linear regression for length between 2.4 m and 3.5 m, which provided an abscissa extrapolating to 3.87 m. The force-length relation was remarkably similar to a theoretical curve based on the degree of filament overlap. During sarcomere activation, we tracked the distance between the center of the A-band and the Z-lines. At lengths below 1.6 m, movements of A-band were not detected. A-band movements increased with length to achieve a maximum displacement of 59.40 Ϯ 10.1 nm from the center at 2.0 m-2.4 m. A-band displacement decreased linearly in sarcomere lengths between 2.6 m and 3.6 m. A technique for monitoring force and length in single sarcomeres isolated from myofibrils represents a reliable technique to evaluate contractile mechanisms at the most basic, intact level of muscle organization, opening the possibility to clarify longstanding issues in the field of muscle contraction.
THE MECHANISMS OF STRIATED muscle contraction are commonly associated with the sliding of actin filaments induced by myosin cross-bridge rotation (27) , which causes sarcomere shortening and force production. Consequently, the investigation of sarcomere mechanics has been an important focus of research in the muscle field for several years. The evaluation of sarcomere mechanics has been used for the proposal and refinement of cross-bridge models (18, 27, 39) , to understand the relation between force and filament overlap (11-13, 19, 21, 21) , to evaluate the effects of muscle stretch and shortening in force transients, sarcomere nonuniformity, and ATP hydrolysis (8, 9, 14, 20, 37, 38) , and to analyze the kinetics of force development and relaxation (10, 43) .
Sarcomere mechanics are commonly investigated in isolated muscle fibers, a preparation in which the behavior of sarcomeres is evaluated indirectly, based on the averaged striation spacing produced by the regular arrangement of the thick and thin filaments. However, each muscle fiber has millions of sarcomeres arranged in series and in parallel with each other, and significant sarcomere length nonuniformities are observed along the fiber length and cross-sectional area (12, 31, 32) , which introduces limitations when investigators need to extrapolate the results to the molecular level. In recent years, a few laboratories started to experiment with isolated myofibrils, a preparation in which individual sarcomeres (28, 30, 37, 38, 40, 43) and half-sarcomeres (45, 46) in series can be evaluated. Myofibril techniques are powerful tools to investigate intersarcomere/half-sarcomere dynamics during activation and relaxation, and show a highly complex behavior; sarcomeres (28, 37, 43) and half-sarcomeres (45, 46) may change their length continuously. Such changes may lead to significant sarcomere nonuniformities, and the behavior of each sarcomere is influenced by adjacent sarcomeres (38, 45) . If a half-sarcomere is stronger than an adjacent half-sarcomere due to different crossbridge formation and filament overlap, it may stretch the weak half-sarcomere (45) , potentially resulting in displacement of the thick filaments from the sarcomere's center position. Electron microscopy studies suggest that, at long lengths, thick filament displacements are limited by elastic structures, and possibly by titin molecules (24, 25) , but it is still unclear if that is the case because A-band shifts have never been measured in individual sarcomeres at varying lengths during dynamic situations.
In the current study, we developed a system to experiment with individual sarcomeres mechanically isolated from skeletal muscles, a preparation that overcomes the intra-sarcomere variability observed in muscle fibers and myofibrils. We successfully measured the force and length transients during activation and relaxation of sarcomeres with repeatability, and we determined for the first time a force-length relation for individual sarcomeres. Furthermore, we were able to evaluate the degree of A-band displacements, and thus half-sarcomere dynamics during activation and relaxation. Given the high reproducibility of the experiments, the single sarcomere preparation represents a potential tool for future studies, because it corresponds to the smallest functional unit of muscles that still maintains the tridimensional lattice intact, and therefore links molecular and cellular studies. Preliminary results of this study have been presented elsewhere (34a).
METHODS
Preparation of myofibrils and sarcomeres. Myofibrils from the rabbit psoas muscle were prepared as in previous studies performed in our laboratory (37) . Briefly, small sections of the muscles were dissected and tied to small wood sticks. The samples were stored in a rigor solution (in mM: 50 Tris, 100 NaC1, 2 KC1, 2 MgC1 2, and 10 EGTA, pH ϭ 7.0) for ϳ4 h, after which they were transferred to a rigor:glycerol (50:50) solution for 15 h. The samples were subsequently transferred into a fresh rigor:glycerol (50:50) solution with the addition of protease inhibitors to avoid protein degradation (Complete, Roche Diagnostics) and stored at Ϫ20°C for at least 7 days. On the day of experiment, a muscle sample was transferred to a fresh rigor solution (pH ϭ 7.0) for 1 h before use. Small sections of the muscle sample (ϳ2 mm in length) were cut and homogenized (Troemer/VWR Power Max AHS 250, Oxford) in a rigor solution using the following sequence: twice for 5 s at 7,500 rpm, once for 2 s at 15,000 rpm, and once for 2 s at 18,000 rpm. The homogenizing protocol left a suspension containing individual myofibrils (30, 37, 38) . All experimental protocols involving animals were approved by the McGill University Animal Care Committee and complied with the guidelines of the Canadian Council on Animal Care.
The homogenized sample was transferred into an experimental chamber with the bottom made of a vacuum grease-sealed glass coverslip (thickness: ϳ0.15 mm) that was placed on the stage of an inverted microscope (Nikon Eclipse TE 2000U). The chamber was filled with rigor solution and the temperature was controlled at either 15°C or 22°C using a cooling solution that was circulated through a channel surrounding the experimental bath. The sample was rinsed several times, and after a rest period of 5 min, the rigor solution was slowly exchanged by a low Ca 2ϩ relaxing solution (in mM: 10 MOPS, 64.4 K ϩ proprionate, 5.23 Mg 2ϩ proprionate, 9.45 Na2SO4, 10 EGTA, 7 ATP, 10 creatine phosphate, pH 7.0; pCa 2ϩ ϭ 9.0). A myofibril was chosen on the basis of its striation appearance, and an individual sarcomere from the midsection of the myofibril was selected for mechanical experimentation.
Microneedle production and calibration. The sarcomeres were isolated using glass microneedles that were also used for force measurements. The microneedles were produced with a vertical pipette puller (KOPF 720, David Kopf Inst, Tujunga) and calibrated by a cross-bending method (1), using pairs of microfabricated cantilevers of known stiffness as reference beams (17, 37) (Fig. 1, A-C) . The cantilevers were made from silicon nitride films of 650-nm thickness; the length and width of the cantilevers are manipulated to produce varying stiffness according to the following formula:
where Kc is cantilever stiffness, E is modulus of elasticity, t is film thickness, w is cantilever width, and L is cantilever length. Cantilevers with a stiffness varying between 22 nN/m and 348 nN/m were used in this study, similar to those used previously in our laboratory for force measurements with optimal reproducibility (37) . The microneedles were pressed against the cantilevers (Fig. 1 , A-C) orthogonal to their lengths, and the displacements were measured by a digital camera (Hamamatsu C9900-01C). The microneedle stiffness (K n) was calculated according to the following formula:
where F is force, d is displacement, and c and n are cantilever and microneedle, respectively. The stiffness of the microneedles used during the sarcomere experiments varied between 200 nN/m and 377 nN/m.
Mechanical isolation and visualization of sarcomeres.
With the use of micromanipulators (Narishige NT-88-V3, Tokyo, Japan), the sarcomere was captured by two precalibrated microneedles that were pierced ϳ0.2-0.3 m externally adjacent to each Z-line (Fig. 1, D and E). The sarcomere was lifted off the glass coverslip by ϳ2-3 m. Under high magnification provided by an oil immersion phase contrast lens (Nikon plan-fluor, ϫ100, numerical aperture 1.30), the image of the sarcomere and the tips of the microneedles was projected onto a linear photodiode array (SchafterϩKirchhoff SK10680DJR) with 10,680 pixels (pixel size: 4 ϫ 4 m) connected to the right side port of the microscope. The image of the sarcomere was magnified ϫ1.5 by an internal microscope function, providing a final resolution of 26 nm/pixel. The image of the sarcomere was scanned to produce signals of light intensity; the contrast between the microneedles, Z-lines, A-band, and I-bands produces a dark-light peak pattern (Fig. 2 ) that allows for the evaluation of their position over time during the experiments. The centroids of the peaks were detected by a minimum average risk algorithm (41) .
Sarcomere force and length measurements. Once a sarcomere was set for testing, a rest period of 10 min was given before activation. The relaxing solution was then rapidly replaced by a high Ca 2ϩ activating solution (in mM: 10 MOPS, 45.1 K ϩ proprionate, 5.21 Mg 2ϩ proprionate, 9.27 Na2SO4, 10 EGTA, 7.18 ATP, and 10 creatine phosphate, pH 7.0; pCa 2ϩ ϭ 4.75) by using a computer-controlled, multichannel perfusion system (VC-6M, Harvard Apparatus) and a double-barreled pipette (details below). When surrounded by the activating solution, the sarcomere contracted (Fig. 2) , and after 10 -12 s, it was exposed again to low Ca 2ϩ , which caused sarcomere relaxation. During activation, when the sarcomeres contracted, the microneedles were displaced and the force (F) was determined by calculating their deflection:
where d is displacement of microneedles, K is stiffness, and subscripts 1 and 2 are microneedles 1 and 2, respectively. The sarcomere length was measured using the images collected with a digital camera (Hamamatsu C9900-01C) by measuring the distance between the Z-lines over time (Fig. 2) . The image could also be used to measure the sarcomere diameter.
During the contractions, the image of the Z-lines was sometimes difficult to track due to their low optical mass, therefore an alternative method was used to measure the sarcomere length. The distance between the microneedles and the Z-lines was calculated before activation. Assuming that this distance does not change during the experiments, and since the peaks corresponding to the microneedles were always visible throughout the contractions, we calculated the distance between Z-lines by subtracting the distance between two microneedles from the distance between each microneedle and the corresponding Z-lines. The initial sarcomere length before activation varied between 1.45 m and 3.83 m for contractions produced at 22°C, and between 2.14 m and 3.70 m for contractions produced at 15°C. Since we measured forces based on the amount of microneedle bending, sarcomere shortening was unavoidable and the length recorded during full activation, used to construct the force-length relation, did not correspond to the initial length.
System for activation of the sarcomeres. All experiments performed in this study used a technique for solution exchange originally developed for working with myofibrils (6, 35, 37, 45, 46) . The pipette puller was used to produce double-barreled pipettes that were subsequently polished to reach a final inner diameter of ϳ600 m, each of the two channels with an inner diameter of ϳ300 m. In this study, we oriented the two inner channels vertically to the sarcomere's plane, and we opened and/or closed each channel containing the relaxing or activation solutions at separate times. This method allowed for full activation and consistent force measurements during repeated cycles of activation/relaxation while maintaining the image of the sarcomere in good quality. The distance between the tip of the pipette (i.e., solution delivery) and the sarcomere was adjusted to ϳ700 m. The solutions were continuously dragged out of the experimental chamber through a back channel using a peristaltic pump (Instech P720, Harvard Apparatus), at a flow rate of ϳ5 l/s.
All sarcomeres activated at 15°C produced three to four contractions before a significant drop (Ͼ5%) in force was observed during the experiments, similar to what is commonly observed with myofibrils from the rabbit psoas (37) . Contractions produced at 22°C were less stable and could only be performed once or twice before a significant drop in force was observed. In this study, only sarcomeres in which force was pro-duced during two contractions without significant force loss were deemed as acceptable; the first contraction was always taken for analysis and comparisons with contractions produced at 15°C.
RESULTS
Force produced by single sarcomeres. Figure 3 shows contractions produced by two sarcomeres during experiments performed at 15°C. Figure 3A shows a sarcomere that was activated three times. The level of sarcomere shortening was ϳ0.5 m for these contractions, similar to the degree of myofibril shortening observed when cantilevers with similar stiffness are used (37, 45, 46) . Full activation of the sarcomere shown in Fig. 3A was produced along the theoretical plateau of the force-length relation or just below (19, 42) , and as a result the force levels are virtually similar in the three lengths. The experiment also reflects the high reproducibility of the force measurements during consecutive contractions, suggesting that the sarcomere is not damaged. For comparisons among contractions, the force was averaged over the last 5 s of contraction to avoid noise inherent to force development and microneedle displacements; in the example, stress of 128.53 nN/m Figure 3B shows a sarcomere activated at longer lengths. After sarcomere shortening, the first and third contractions were produced at relatively similar lengths, and the forces and 2.28 m, respectively. When the contraction was produced at the longest length (full activation at 3.13 m, along the theoretical descending limb of the force-length relation), the decrease in force from the first contraction was of 39%. During full activation, the sarcomeres shortened significantly, producing final forces that were relatively similar in all contractions. SL, sarcomere length. B: the sarcomere was activated at initial lengths of 2.79 m, 3.48 m, and 2.91 m. The sarcomere shortened significantly in all lengths. The force decreased significantly when the contraction was produced at the longest length, in agreement with the loss in filament overlap observed in the descending limb of the force-length relation (19) .
The force decrease is identical to that expected, based on the loss of filament overlap when sarcomeres are stretched from 2.35 m to 3.13 m [a decrease of ϳ42% expected based on the length of rabbit psoas thick and thin filaments (42); see also Fig. 5] . Figure 4A shows a typical contraction produced at 22°C, resulting in a stress of 86.84 nN/m 2 in full activation at a length of 3.48 m. When two separate contractions produced at different temperatures are compared (Fig. 4B) , it is clear that the force trace produced at 22°C was noisier than that produced at 15°C, but it still showed a plateau under full activation allowing for consistent force measurements. For similar sarcomere lengths, the forces were consistently lower at 15°C than at 22°C. When we averaged all contractions, the stress produced between 2.0 m and 2. Force-length relation. Figure 5 shows the force-length relation obtained during experiments performed with 56 sarcomeres activated at both temperatures tested in this study. Since there was a difference in the number of contractions produced in the two temperatures, we plotted only the contractions produced during the first activation-relaxation cycle to avoid confounding effects arising from repeated versus nonrepeated measurements. Such an approach generated some degree of variability in the forces produced at similar portions of the force-length relation curve, because the data were not normalized for maximal force produced in each sarcomere. However, the variation around a given length was small (ϳ8 -10% of force). A mean force-sarcomere length curve was determined from the data by fitting a fourth-degree polynomial curve to the experimental values using the least-squares method with respect to force (continuous thick line in Fig. 5 ). The general shape of the force-length relation shows a plateau with a maximum force produced at 2.18 m, where the ascending and descending limbs are virtually joined. The upper portion of the force-length curve (between ϳ1.8 m and ϳ2.6 m) varies little and it is symmetric on either side of the peak. A linear regression of force produced in sarcomere lengths between 2.4 m and 3.5 m, representing the descending limb of the force-length relation, extrapolates to the abscissa at 3.87 m (traced line in Fig. 5 ), point which should correspond to an absence of active force.
We compared our results with the original study of Gordon et al. (19) by drawing a theoretical force-length curve using Fig. 4 . A: sarcomere contraction produced at 22°C, activated at an initial sarcomere length of 3.8 m. During full activation the sarcomeres shortened to 3.45 m, and although the trace is noisier than that observed in contractions produced at 15°C, the final forces were still clearly measurable. B: contractions produced at 22°C (traced line) and 15°C (solid line), with full activation produced at relatively similar lengths (2.98 m). filament lengths from the rabbit psoas muscle (42) . Myosin and actin filament lengths are 1.63 m and 1.12 m, respectively (42) . Assuming the widths of the Z-line and the bare zone in the middle of myosin to be 0.10 m and 0.15 m, respectively (22) , the plateau of the force-length relation should span from 2.24 m to 2.39 m. The ascending limb includes sarcomere lengths below 2.24 m and the descending limb span includes sarcomere lengths from 2.39 m to 3.87 m. The similarity between the two curves is remarkable, except by the plateau of the force-length curve, in which the flat portion described by Gordon et al. (19) contrasts with the rounded shaped plateau derived in our experiments, which shifts the peak slightly to the left.
A-band movements and half-sarcomere dynamics. We tracked the centroids of the peaks corresponding to the A-bands during the contractions and measured their distances from the Z-lines. As a result, we obtained a direct measurement of the A-band displacement relative to the center of the sarcomere, and thereby an indication of half-sarcomere dynamics during activation and relaxation. Figure 6 shows two sarcomere contractions produced at different lengths. In Fig. 6A , the sarcomere was activated at an initial length of 2.55 m, producing a stress of 128.31 nN/m 2 at a final length of 1.93 m. The A-band was displaced 52 nm from the center of the sarcomere during activation, which caused different halfsarcomere dynamics during the contraction (Fig. 6, B and  C) . Note that the A-band starts to move from the center of the sarcomere almost in synchrony with the beginning of force development, and it moves back to the center when the sarcomere is relaxed. In Fig. 6D , the sarcomere was activated at an initial length of 3.5 m, producing a stress of 54.08 nN/m 2 at a final length of 3.25 m. A minimal A-band deviation from the center was observed during contraction, which was constantly adjusted, maintaining the A-band mostly centralized and resulting in half-sarcomeres contracting in identical ways (Fig. 6, E and F) .
The length dependence of the A-bands displacement was confirmed when all experiments are plotted together. The directions and speed of A-band displacements were variable within sarcomeres and also in the same sarcomere during repeated contractions. In most sarcomeres, the A-band moved to one-half of the sarcomere throughout a single contraction, Fig. 6 . Measurements of A-band displacements and half-sarcomere dynamics during a typical experiment with a sarcomere activated at 15°C. A and D, top: force, A-band position, and length produced during contractions initiated at 2.53 m and 3.51 m, respectively. Note that changes in A-band position at the short sarcomere length follow the same pattern as the force traces, while substantial changes in A-band position are not observed at the longer length. B and E: the corresponding photodiode array centroid positions for the peaks corresponding to the A-band (OE) and the center of the sarcomeres (E), which was calculated as the center position between two Z-lines. C and F: the corresponding right (F) and left (E) half-sarcomere dynamics for these contractions. The half-sarcomeres behave differently when the contraction is elicited at 2.53 m but not when the contraction is elicited at 3.51 m.
getting closer to the Z-line than it was before activation. We thus measured the maximum displacement during activation, which invariably happened toward the end of the contraction. In Fig. 7 , we binned all sarcomeres in initial length differences of 0.4 m and plotted against the maximum A-band displacement. At initial lengths below 1.6 m, movements of A-band were not detected. The magnitude of A-band displacement increased up to 2.0 m-2.4 m, to decrease linearly between initial lengths of 2.4 m and 3.6 m.
DISCUSSION
This study presents a reliable technique to measure force and length transients produced during activation of isolated sarcomeres and half-sarcomeres from skeletal muscles. Such a technique may allow for significant advancements in the muscle field, because measurements of individual sarcomeres can be used to solve long-standing issues, e.g., the origin of sarcomere nonuniformity during activation and relaxation (12, 31, 32, 45) , the force creep commonly observed in contractions performed at long lengths (11, 12, 19, 47) , and the effects of length changes in the force achieved by activated muscles (8, 9, 14, 20, 37, 38) .
Force production. The forces produced by single sarcomeres are similar to those reported in the literature in studies with myofibrils when activated in lengths between ϳ2.2 m and 2.4 m, representing the range of optimal filament overlap-the plateau of the theoretical force-length relation (19, 40, 42) . Although the result was expected, it constitutes an important observation, because sarcomeres are isolated through several stages, which could be deleterious to the sample. More importantly, sarcomeres activated at 15°C underwent three to four consecutive activation-relaxation cycles without a significant decrease in force (Ͼ5%), similar to what is commonly observed in myofibrils and permeabilized muscle fibers. Contractions produced at 22°C were less stable than those produced at 15°C. The force could still be measured, but the contractions could not be repeated more than twice, which represents a significant limitation. We included these experiments in this paper for comparison purposes, but the data suggest that caution should be used when single sarcomeres are used at physiological temperatures. The forces produced at 22°C were greater than forces produced at comparable lengths when the contractions were produced at 15°C, similar to what has been reported in the existing literature with mammalian skeletal muscles (5, 36) .
Force-length relation. We produced a relative force-sarcomere length relation (Fig. 5) , and by fitting a fourth-order exponential equation-the best fit obtained with the data-we extrapolated the maximum force to be achieved at 2.18 m. The force dropped to zero at lengths of 1.21 m and 3.87 m along the ascending and descending limbs of the force-length relation, respectively; the descending limb was fitted with linear regression for this analysis, because the fourth-order regression predicted a slightly increase in force when sarcomere length approaches 4.0 m. It is likely that the small force inflection at long lengths could be explained by an increase in the passive force, which becomes apparent at lengths longer than 3.5 m in psoas myofibrils (2, 3). We could not stretch the sarcomeres to longer lengths without provoking damage to their structure (note that the sarcomeres would have to be stretched to even longer lengths to take into account the shortening that takes place during activation). Overall, the force-length curve is remarkably comparable with studies with muscle fibers (11, 13, 19, 47) and well described by predictions based on filament overlap [(19); Fig. 5 ]. The results are also quite similar to a study that looked at the force-length relation of averaged sarcomeres performed with psoas myofibrils (40) ; the difference is that in their study the descending limb deviated slightly to the right when compared with our curve, and compared with theoretical predictions (42) . The authors argue that the shift was caused by an overestimation of the active force due to shortening of sarcomeres located at the edges of the myofibrils, out of their observable region; without such overestimation, the results would resemble ours.
Since there are variations in force, it is hard to evaluate if our data would have shown a flat plateau, similar to that observed in previous studies. A rounded plateau was observed in previous studies performed with small segments of fibers (11, 13) . However, the upper portion of the force-length curve varies little between ϳ1.8 m and ϳ2.6 m, similar to previous studies with mammalian muscles showing plateaus varying between 2.1 m and 2.8 m (7, 16, 44, 48) .
Half-sarcomere dynamics. The cross-bridge model of contraction predicts that the thick filaments, located in the center of the sarcomeres, may be unstable upon activation (26) . The amount of force exerted on each half of a thick filament is proportional to the fraction of cross-bridges attached to actin filaments, and any nonuniformity in half-sarcomere lengths induced at the beginning of activation would be increased as the thick filaments (A-band) are pulled toward one end of the sarcomere. This phenomenon has been observed previously in studies that used electron micrographs of frog muscles, showing A-bands adjacent to one Z-line with no intervening I-band after activation (4, 15, 34) . Subsequent studies (24) observed large A-band displacements (ϳ60% of maximum possible movement within a sarcomere), which, however, happened after large periods (between 1.7 and 7.5 min). Using isolated myofibrils from psoas muscles from the rabbit, Telley et al. (45) observed that the A-band moved up to 100 nm toward a Z-line during contractions of approximately the same duration as the contractions used in this study. These results agree with our data, as when we activated sarcomeres at lengths between ϳ1.8 m to ϳ2.6 m significant A-band displacements were considerable. When we activated the sarcomeres at long lengths, on the other hand, shifts in the A-bands were not observed. The length dependence of A-band displacements had been suggested previously, but this is the first time it has been documented during dynamic situations.
The results of this study strengthen the hypothesis that the displacement of A-bands can be regulated by titin molecules. It has been suggested that when titin becomes stiffer at increasing sarcomere lengths, it centralizes the thick filaments (23-25), a result highly compatible with the inverse relationship that we observed between initial length and A-band displacement along the descending limb of the force-length relation. We did not observe the development of passive forces in the range of lengths investigated, but it is known that titin can increase its stiffness with Ca 2ϩ , and that such an increase becomes more pronounced at increasing lengths (33) . Furthermore, myofibrils from the rabbit psoas show a Ca 2ϩ -dependent increase in passive force at long lengths that is independent of crossbridges formation, strongly suggesting that it is associated with titin (29, 30) . It is thus tempting to speculate that the Ca 2ϩ -induced increase in titin stiffness helps to stabilize the A-band in the center of the sarcomeres, although more research is needed. The lack of A-band displacement at short lengths is predicted; when sarcomeres are shortened below 1.6 m (the length of the thick filament), there is no space for A-band displacements.
The A-band displacements started simultaneously with the beginning of force development during sarcomere activation, different from what has been observed previously (24) but similar to results obtained with myofibrils (45) . The contrasting results do not necessarily imply a difference in the intrinsic mechanisms of A-band dynamics; it has been proposed that the lag between A-band displacements and force development is caused mostly by the development of sarcomere length nonuniformity upon muscle activation (24, 25) , a phenomenon eliminated with the single sarcomere preparation.
Summary. This study shows a unique method to measure reliably the force produced by single sarcomeres. The relation between force and individual sarcomere length is very similar to that observed with larger systems, and therefore it reflects the mechanisms of muscle contractions at larger levels of organization. Most importantly, the single sarcomere technique allows mechanistic studies at the most basic level of organization of striated muscles: the three-dimensional lattice composed of all major filaments responsible for muscle contraction.
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